The rate of oxidation by ferricyanide of the aldolase-dihydroxyacetone phosphate complex was measured under different conditions. The following conclusions are drawn. 1. In the cleavage of fructose diphosphate, catalysed by native aldolase, the steady-state concentration of the enzyme-dihydroxyacetone phosphate carbanion intermediate represents less than 6 % of the total enzyme-substrate intermediates. 2. Fructose diphosphate and dihydroxyacetone phosphate compete for the four catalytic sites on aldolase, the binding offructose diphosphate being about twice as tight. 3. The equilibrium concentration of the carbanion intermediate formed by reaction of carboxypeptidase-treated aldolase with dihydroxyacetone phosphate is independent ofpH between 5.0 and 9.0. The rates of formation ofthe carbanion intermediate and ofthe reverse reaction are, however, concomitantly increased by increasing pH between 5.0 and 6.5.
The study of the transient kinetics of an enzymic reaction is largely facilitated by the availability of a specific signal for the different enzyme-substrate intermediates. Healy & Christen (1973) have shown that Fe(CN)63-is reduced when added to a solution containing fructose diphosphate aldolase and dihydroxyacetone phosphate. In this reaction the oxidized species is the enzyme-dihydroxyacetone phosphate carbanion intermediate (Healy & Christen, 1973; Christen & Riordan, 1968) , which yields 1 mol of hydroxypyruvaldehyde phosphate with the consumption of 2mol of Fe(CN)63-, and the enzyme retains its catalytic activity.
The study of the transient kinetics of this reaction has proved very useful. It has allowed the determination of the number of catalytic sites on native aldolase, the determination ofthe concentration, at equilibrium, of the carbanion intermediate in the reaction catalysed by carboxypeptidase-treated aldolase (Grazi, 1974a) and the study ofthe nature of the active forms of the substrates of aldolase (Grazi, 1974b Ginsburg & Mehler (1966) . K3Fe(CN)6 was obtained from Merck, Darmstadt, W. Germany.
Methods
Fructose diphosphate aldolase activity was measured in the system described by Racker (1947) .
Sephadex G-50 filtration was performed at 22°C on columns (1 .2cm x 37cm) equilibrated with dihydroxy-[14C]acetone phosphate and 50mM-Tris-HCI buffer, pH 6.0. Ionic strength was adjusted to 0.05 by the addition of NaCl. The flow rate was 4ml/min and fractions (1 ml) were collected.
Radioactivity determinations were made in a Packard Tri-Carb liquid-scintillation counter in 10ml of Bray's (1960) solution. Corrections for quenching were introduced after the effect ofprotein on counting efficiency was tested directly by the addition ofknown scalar amounts of aldolase to a sample of known radioactivity. Protein concentration was measured from the E280 by assuming that the absorbance of lmg of pure enzyme/ml (light-path lcm) is 0.91 (Baranowski & Niederland, 1949) . The number of molecules of substrate bound to the enzyme was estimated from the specific radioactivity of the radio-E. GRAZI active substrate by assuming a molecular weight for the enzyme of 159000 (Kawahara & Tanford, 1966) .
Digestion of aldolase with carboxypeptidase A was performed as described by Rutter et al. (1961) except that the aldolase/carboxypeptidase ratio was 70. After digestion most of the carboxypeptidase was removed as described by Spolter et al. (1965) . The specific activity of carboxypeptidase-treated aldolase was 0.27 unit/mg of protein.
Stopped-flow measurements were performed with a Durrum D-1 10 rapid-mixing spectrophotometer. The dead time of the instrument was found to be 3 ms. Measurements were made at 420nm, the absorption maximum of Fe(CN)63-. The molar extinction coefficient was 1000 litre *mol-1 -cm-'. The light-path of the instrument was 2cm, which was taken into account in the calculations. All the concentrations of the reagents refer to concentrations after mixing in the stopped-flow mixing chamber. The amplitude of the rapid phase was estimated as the difference between the starting point of the reaction and the point obtained, on the ordinate axis, by linear extrapolation of the slow phase of the reaction to zero time.
The initial concentration of the carbanion intermediate was calculated from the formula A[y/(y-1)]
where A is the amplitude of the rapid phase and y is the ratio of the initial to the final rate. Traces were usually recorded at 0.1 s/box to measure the amplitude of the rapid phase and final rate, and at 20ms/ box to measure initial rate. Initial slopes were fitted by eye.
Results
Transient kinetics ofFe(CN)63-reduction by the native aldolase-dihydroxyacetone phosphate complex Fe(CN)63-is rapidly reduced when added to a solution containing aldolase and dihydroxyacetone phosphate (Fig. 1) . Reduction is practically undetectable in the presence of aldolase alone and does not take place at all with dihydroxyacetone phosphate alone. In the complete system, between pH 5.0 and 9.0, the reaction occurs through a rapid and a slow phase independently of the order of mixing of the reagents. The kinetics of the rapid phase was studied as a function of Fe(CN)63-concentration and, for simplicity, at quasi saturation of the enzyme with substrate (Grazi & Trombetta, 1974) , so that the concentration of the enzyme-substrate complex could be equated with good approximation to the concentration of the total enzyme. Under these conditions, between pH 5.5 and 9.0, the rapid phase follows the kinetics of a second-order reaction, being pseudofirst-order with respect to both the enzyme-substrate complex and to Fe(CN)63- (Table 1) . At pH 5.0 the reaction was independent of Fe(CN)63-concentration. This behaviour, which probably depends on a Table 1 . Rate constants of the rapid phase and rates of the slow phase of the oxidation by Fe(CN)63-of the enzymedihydroxyacetonephosphate complex Enzyme and substrate were pre-mixed. Native aldolase (specific activity 16 units/mg of protein) was 4.7,uM, and dihydroxyacetone phosphate 0.5mM. The system was buffered either with 0.05M-Tris-0.05M-sodium acetate at pH5.5 or 0.05M-sodium acetate at pH5.0 or 0.05M-Tris-HCI at pH7.0 and 9.0. Ionic strength was 0.O5mol/litre. Temperature was 26°C. slow phase must be the release of the oxidized substrate from the enzyme (step d).
Transient kinetics ofthe reduction ofFe(CN)63-by the carboxypeptidase-aldolase-dihydroxyacetone phosphate complex Fe(CN)63-also oxidizes the complex formed by reaction of dihydroxyacetone phosphate with carboxypeptidase-aldolase, and the reaction follows second-order kinetics between pH5.0 and 9.0, being pseudo-first-order with respect to both the enzymesubstrate complex and to Fe(CN)63- (Table 2) . In this case, however, and over the whole range of pH tested, the rapid phase is detected only when enzyme and substrate are pre-mixed. This means that the rate-limiting step is before step (c) (Scheme 1). Since it is known that the slowest step of the reaction catalysed by carboxypeptidase-aldolase is the formation of the carbanion intermediate (Scheme 1 step b) (Rose et al., 1965) , this must be the rate-limiting step of the overall sequence.
The rate of the rapid phase decreases twofold between pH 5.0 and 9.0 (Fig. 2a) and it is generally larger for carboxypeptidase-aldolase than for native aldolase. Direct comparison of the native and carboxypeptidase-treated enzyme, under exactly the same conditions, showed that, at pH6.0 (50mM-Tris-HCl buffer, I 0.05) and 27°C, the second-order rate constant for the rapid phase is 18 500M-* s-I for native aldolase and 38000wm *s-1 for carboxypeptidase-aldolase.
The rate of the slow phase increases rapidly from pH5.0 to 6.5, reaches a maximum between pH6.5 and 8.0, and decreases again at higher pH values (Fig.  2b) . The rate ofreduction is not influenced by changes in the concentration ofFe(CN)63-( Table 2 ). The ratedetermining step of this phase must therefore be before step (c) (Scheme 1), and since the slowest step before step (c) is the formation of the carbanion, this must be the rate-limiting step. It turns out therefore that the rate of formation of the carbanion intermediate is strongly influenced by pH. The effect ofpH on the slow phase is more pronounced in the experiment in Fig. 2 Table 2 . This is probably a result of the different specific activities of the carboxypeptidase-aldolase used in the two experiments.
than in that in
The amplitude of the rapid phase decreases slowly from pH5.0 (E420 0.028) to pH9.0 (E420 0.022) (Fig.   3a) .
Substrate-binding sites on carboxypeptidase-aldolase
The number of substrate-binding sites on carboxypeptidase-aldolase was directly determined by filtration of the enzyme through a Sephadex G-50 column equilibrated with radioactive dihydroxyacetone phosphate. It was shown that carboxypeptidasealdolase, like the native enzyme, possesses four substrate-binding sites (Fig. 4) .
Competition between dihydroxyacetone phosphate and fructose 1,6-diphosphate for native aldolase
The initial rate of the rapid phase of the reduction of Fe(CN)63-decreases when fructose 1,6-diphosphate is added together with dihydroxyacetone phosphate. The Enzyme and substrates were not pre-mixed. Native aldolase (specific activity 16 units/mg of protein; 2.3 pM), Fe(CN)63-(0.64mM), dihydroxyacetone phosphate (0.28mM) and fructose diphosphate (as indicated in the Figure) . The system was buffered with 0.05M-Tris-HCI buffer, pH7.5. Temperature was 25°C.
pattern expected for competitive inhibition. For these experiments aldolase was added to one syringe and dihydroxyacetone phosphate, fructose diphosphate and Fe(CN)63 were added to the other. A plot of the reciprocal of the initial velocity of the rapid phase against the concentration of the inhibitor yields a Vol. 151 straight line (Fig. 5) . From this the dissociation constant of the aldolase-fructose 1,6-diphosphate complex (3.3 pM) was calculated by the equation of Dixon & Webb (1964) Reduction of Fe(CN)63-also takes place in the presence of native aldolase and with fructose diphosphate as the only substrate. In this case, however, a steady state is established from the very beginning of the reaction and the rapid phase is not detectable. At pH7.5 and 22°C, in the presence of 3.1 puM-aldolase, 0.3 mM-fructose diphosphate and 0.64mM-Fe(CN)63, the rate of reduction of Fe(CN)63-is 3.2mol/s per mol of enzyme. The rate of cleavage of fructose diphosphate cannot be rate-limiting since it is much higher (42mol/s per mol of enzyme at pH7.5 and 22°C). The slow rate of oxidation in the presence of fructose diphosphate can thus only be related to a low steady-state concentration of the carbanion intermediate. This cannot be larger than 6 % of the total concentration of all the enzyme-substrate intermediates since, under the same conditions and with dihydroxyacetone phosphate as the only substrate, the initial rate of the rapid phase is 54mol/s per mol of enzyme (Fig. 5 ).
Discussion
The carbanion intermediate, formed by reaction of aldolase with dihydroxyacetone phosphate, is oxidized by Fe(CN)63- (Healy & Christen, 1973) .
With native aldolase the transient kinetics of the reaction display a rapid and a slow phase, independently of the pre-mixing conditions of the reagents. This reveals that step (c), and not steps (a) and (b) (Scheme 1), is rate-limiting for the rapid phase. By elimination, the rate-limiting step of the slow phasc must be the release of the oxidized substrate from the enzyme (step d).
Under these conditions the rapid phase represents a single turnover of the enzyme and its amplitude measures the number of the catalytic sites of aldolase. These are four (Grazi, 1974a) in agreement with the number of the equivalent and independent binding sites (Grazi et al., 1973; Grazi & Trombetta, 1974) .
The rate of the slow phase is practically independent of pH. The pseudo-first-order rate constant of the E. GRAZI rapid phase decreases about twofold from pH5.5 to 9.0. Since the reduction potential of Fe(CN)63-is independent of pH and the formation of the carbanion, between pH5.5 and 9.0, never becomes ratelimiting, this decrease could depend on a change in the equilibrium concentration of the carbanion. Alternatively, a decrease in positive charges at the active site could hinder the approach of Fe(CN)63-to the carbanion and decrease the rate constant of the rapid phase.
Starting from fructose diphosphate as the only substrate the rate of reduction of Fe(CN)63-reaches a steady state from the very beginning of the reaction, the rate being 17 times lower than the initial rate ofthe rapid phase that is obtained when dihydroxyacetone phosphate is used as substrate. This means that during the cleavage of fructose 1,6-diphosphate the concentration of the carbanion intermediate cannot be higher than 6% of the total concentration of the enzyme-substrate intermediates.
By studying the competition between dihydroxyacetone phosphate and fructose 1,6-diphosphate the dissociation constant of the aldolase-fructose 1,6-diphosphate complex was evaluated. Fructose 1,6-diphosphate appears to bind to the enzyme about twice as tightly as dihydroxyacetone phosphate.
With carboxypeptidase-treated aldolase the rapid phase is detected only when enzyme and substrate are pre-mixed. This indicates that the rate-limiting step must be before step (c). It is, in fact, step (b), which is the formation of the carbanion intermediate (Rose et al., 1965) . The rapid phase thus measures the difference between the original (equilibrium) and steady-state concentration of the carbanion intermediate. Taking this into account the original equilibrium concentration of the carbanion intermediate was calculated and shown to be practically constant between pH 5.0 and 9.0 (Fig. 3b) .
The rate of the slow phase, i.e. the rate of formation of the carbanion intermediate, increases dramatically from pH 5.0 to 6.5. This implies that the rate of the reverse reaction, the protonation of the carbanion, increases accordingly, since the equilibrium concentration of the carbanion is not affected by pH.
The rate constant of the rapid phase also changes with pH. In this case, however, only one of the two explanations offered for the native enzyme is tenable, namely that a change of charge at the active site influences the reactivity of Fe(CN)63-m This work was supported by grant no. 74.00206.04 from the Italian Consiglio Nazionale delle Ricerche and by NATO grant 751.
